Abstract Malaria, which is caused by Plasmodium parasite erythrocyte infection, is a highly inflammatory disease with characteristic periodic fevers caused by the synchronous rupture of infected erythrocytes to release daughter parasites. Despite the importance of inflammation in the pathology and mortality induced by malaria, the parasite-derived factors inducing the inflammatory response are still not well characterized. Uric acid is emerging as a central inflammatory molecule in malaria. Not only is uric acid found in the precipitated form in infected erythrocytes, but high concentrations of hypoxanthine, a precursor for uric acid, also accumulate in infected erythrocytes. Both are released upon infected erythrocyte rupture into the circulation where hypoxanthine would be converted into uric acid and precipitated uric acid would encounter immune cells. Uric acid is an important contributor to inflammatory cytokine secretion, dendritic cell and T cell responses induced by Plasmodium , suggesting uric acid as a novel molecular target for antiinflammatory therapies in malaria.
Introduction
Malaria is a highly inflammatory disease commonly known to induce cyclical fever attacks. The disease is caused by infection with Plasmodium, a protozoan parasite that invades and replicates within erythrocytes, with each replicative cycle ending in erythrocyte rupture. As Plasmodium replication is synchronized within the host, the exit of the newly formed daughter parasites and other components from erythrocytes takes place almost simultaneously in all infected cells. Over 100 years ago, a link to host immune activation was drawn by Golgi who discovered that malaria fever occurs 1-2 h after rupture of infected erythrocytes [1] . It was postulated that the characteristic paroxysms of malarial fevers are caused by 'malaria toxins' [2] .
The host inflammatory response in malaria is a decisive factor in the outcome of the disease, with inflammation mediating parasite clearance but also contributing to severe malaria pathology. Excessive and persistent inflammation during Plasmodium falciparum infection contributes to the development of pathologies such as cerebral malaria and severe malarial anemia, which are major causes of death due to malaria [3] [4] [5] .
Despite the crucial role that inflammation plays in malaria, the parasite-derived molecules that trigger it have not been conclusively identified. The host inflammatory response is believed to be triggered by pro-inflammatory molecules present in the parasite and/or the ruptured host-infected erythrocyte.
Some parasite pro-inflammatory molecules have been identified, including GPI-anchors [6] , a parasite pigment called hemozoin [7, 8] and parasite DNA [9, 10] . Additional studies suggest that GPI-anchors do not contribute decisively to the innate immune stimulatory activity of Plasmodium [11] , while Plasmodium DNA, bound to hemozoin [9] or to parasite histones [12] appears to be highly inflammatory. However, the relative contribution of these parasite molecules to the inflammatory response in malaria patients remains unclear [13] .
Plasmodium-Induced Inflammation by Uric Acid Studies In Vitro
Uric acid is a physiological by-product of nucleic acid metabolism. The inflammatory characteristics of uric acid are well known because of its pathological role in gout, where uric acid crystals formed in the synovial fluid cause a strong localized inflammatory response [14] . Uric acid has also been identified as a 'danger signal' to alert the immune response. Uric acid is released from dying cells in high quantities, which would promote crystallization within the local environment and inflammation [15] .
Uric acid has recently emerged as an important mediator of malaria-induced inflammation. Plasmodium -infected erythrocytes accumulate hypoxanthine, a precursor for uric acid. Plasmodium cannot synthesize purines de novo and imports hypoxanthine from the extracellular environment as a purine source [16, 17] , which accumulates during the late stages of infection [18••, 19•] . Imported hypoxanthine is not degraded into uric acid within the erythrocyte, since xanthine dehydrogenase activity, which converts hypoxanthine into uric acid, has not been detected in this cell type or in the Plasmodium parasite [20] . However, upon erythrocyte rupture and release into the extracellular medium, xanthine dehydrogenase, which is normally present in the blood [21] , and whose expression is increased during Plasmodium infection [22••] , will efficiently degrade it into uric acid. As proposed before for uric acid acting as a 'danger signal' [15] , uric acid derived from degradation of Plasmodium hypoxanthine would promote crystallization within the local environment and inflammation [18••] .
In addition to hypoxanthine, P. falciparum -infected erythrocytes were found to accumulate uric acid precipitates in the cytosol of the intra-erythrocytic parasite, which are released to the extracellular environment together with daughter parasites upon erythrocyte rupture. Uric acid precipitates were also found in infected erythrocytes freshly isolated from patients with P. falciparum and P. vivax infections, in addition to different rodent malaria species, suggesting that uric acid precipitates are a conserved feature of Plasmodium spp. [23••] .
It is important to remark that there is no increase in the total amount of uric acid present in infected erythrocytes [23••] , suggesting that the activity of erythrocyte uric acid transporters [24] is not affected by infection; however, high concentrations of hypoxanthine accumulate in infected erythrocytes [18••, 19•] . This is consistent with the absence of xanthine dehydrogenase activity in Plasmodium and in erythrocytes [20] , and would imply that infection with Plasmodium induces precipitation of pre-existing uric acid within the erythrocyte, but not degradation of hypoxanthine into uric acid.
Upon rupture of infected erythrocytes, the release of uric acid precipitates in the circulation is expected to induce a strong inflammatory response. Fractionation of lysates of P. falciparum-infected erythrocytes showed that the activatory effect on human dendritic cells was concentrated in the pellet fraction and was partially sensitive to uricase and DNAse, confirming an essential role for both parasite DNA and uric acid in the inflammatory response to the parasite [23••] .
P. falciparum -derived uric acid also contributes to the secretion of inflammatory cytokines, such as TNF, IL-1β and IL-6, by peripheral blood mononuclear cells in vitro [19•] . These inflammatory cytokines are increased in malaria patients and associated with severity of the disease [25, 26] , suggesting again an inflammatory role for uric acid in malaria.
An additional role for uric acid in Plasmodium immune response was recently proposed, as precipitated uric acid induces the release of Flt3 ligand from mast cells, which, in turn, induces the expansion of CD8α dendritic cells that drive the activation of CD8 T cells [ 
Uric Acid in Plasmodium -Induced Inflammation Studies in Patients
An important factor to consider in any uric acid-induced inflammatory response is the lack of uricase activity in humans and other higher primates. It is generally accepted that the loss of uricase was an adaptive change, since kidneys recover most of the filtered uric acid [27] . Uric acid is a strong antioxidant agent acting as both radical scavenger and chelator of metal ions providing more than 50 % of blood antioxidant ability [28] . The loss of uricase may be explained as a compensatory adaptation to the previous loss of the capacity to synthesize vitamin C, another antioxidant [29] . As a result of the lack of uricase activity, there is a moderated increase in serum uric acid level, reaching 2-4 mg/dL, which is found in primitive human cultures and apes with lack of uricase activity [30] , and has increased to around 6 mg/dL in western cultures due to red meat-enriched diets [31] . This level is very close to saturation and precipitation threshold in plasma >7 mg/dL [32] and would create favorable conditions for precipitation of uric acid upon minor increases. This was proposed for dying cells releasing uric acid, which would act as an alarmin or 'danger signal' [15] , and may possibly occur during a Plasmodium infection, where release of soluble hypoxanthine and uric acid, and subsequent formation of uric acid precipitates, would result in increased uric acid concentrations in plasma [18••, 19•, 23 ••] (Fig. 1) .
Elevated levels of plasma uric acid correlate with parasitemia and disease severity in P. falciparum infections [33-35, 36•, 37•] . In African children, plasma uric acid levels rose from 3.3 to 4.60 mg/dL in uncomplicated malaria, reaching levels higher than 5.5 md/dL in severe malaria [36•, 37•] . These levels are also close to the precipitation threshold in plasma and could favor uric acid precipitation, as proposed above.
It is not clear whether the increase in uric acid in the circulation is due to impaired kidney function, a frequent complication in malaria [38] , and/or to release of parasiteaccumulated hypoxanthine and uric acid precipitates. It is also possible that elevated uric acid is responsible for the kidney inflammation, as studies in mice have shown that hyperuricemia induced elevated levels of inflammatory cytokines and chemokines in the kidneys, in addition to T cell and macrophage infiltrations in the tubular interstitial space [39] . Regardless of the source, high levels of plasma uric acid in malaria patients correlate with high levels of inflammatory cytokines, such as IL-6, IL-10, sTNFRII, MCP-1, IL-8, TNFα, and IP-10 in P. falciparum patients [36•] , suggesting that uric acid may contribute to malaria severity by increasing the inflammatory host response.
A direct role for uric acid in malaria-induced inflammation is suggested by a clinical study in which administration of allopurinol, an inhibitor of xanthine dehydrogenase and therefore of the formation of uric acid, reduced inflammatory symptoms in malaria patients [40] . This study was performed to test the anti-Plasmodial activity of allopurinol, which is a purine analogue with activity against trypanosomatid parasites [41] . Despite an observed lack of anti-Plasmodial activity (also later documented in a mouse model [42] ), P. falciparum -infected patients treated with allopurinol in addition to the anti-malarial drug quinine had significantly faster decreases in fever and splenomegaly compared to patients treated with quinine alone [40] . Although the observed decrease in inflammatory symptoms might theoretically have resulted from a small decrease in the parasitemia observed in the allopurinol-treated group, rather than by the effects of allopurinol on uric acid levels, it is unlikely that a statistically non-significant decrease in parasite burden could induce a highly significant decrease (P <0.002) in inflammatory symptoms.
It is still under debate whether soluble uric acid levels in plasma have direct inflammatory effects on cells [43] , whether the effect is mediated though uric acid precipitates that are formed in microenvironments as a result of the elevated levels of soluble uric acid or whether elevated uric acid is just a consequence of increased xanthine dehydrogenase activity, resulting in increased oxidative stress and inflammation [44] . In malaria, it appears that oxidative stress may not be a major cause for the strong inflammatory response, since treatment of patients with the anti-oxidant N-acetylcysteine did not significantly alter their cytokine profile [45] .
Possible Role of Uric Acid in Cerebral Malaria
Cerebral malaria is the most profound syndrome of severe malaria characterized by impaired consciousness, generalized convulsions, coma, and neurological sequelae. Mature stage parasites express ligands, such as Plasmodium falciparum erythrocyte membrane protein 1 (PfEMP1) on the surface of infected erythrocytes, that interact with host endothelial cell Fig. 1 Proposed model for uric acid-induced inflammation in malaria. Plasmodium falciparum-infected erythrocytes at different stages of development show uric acid precipitates (red immunostaining). A more diffuse uric acid staining pattern is seen in early stage parasites, whereas a more distinct punctate pattern is seen in late stages and ruptured erythrocytes (blue nuclei). Upon rupture, accumulated hypoxanthine is also released and converted into uric acid by xanthine dehydrogenase (XD). Precipitation of soluble uric acid may take place as a result of increased uric acid concentration and/or soluble uric acid may play a direct role in inflammatory response receptors such as intracellular adhesion molecule 1 (ICAM-1) . This interaction leads to parasitized erythrocyte sequestration in the brain microcirculation, promoting the loss of endothelial cell junctions, endothelial apoptosis, and ultimately the disruption of the blood-brain barrier [5] . This disruption causes a massive diffusion of blood cells and serum into the brain tissue leading to coma and damage to the nervous system [46] .
The interaction between P. falciparum-infected erythrocytes and host endothelial cells is affected by inflammation, since cytokines such as TNFα cause increased expression of endothelial cell cytoadhesive surface proteins, such as ICAM-1, affecting the outcome of cerebral malaria [47] .
Uric acid in humans may be either beneficial or detrimental to humans, depending on the cellular localization [48] . While uric acid has an extraordinary ability to scavenge radicals in the plasma and extracellular environment protecting cells from external oxidative stress, entry of uric acid into the cells has an opposite pro-oxidant effect [49] . Intracellular uric acid imported through specific organic anion transporters on the surface of endothelial cells decreases nitric oxide production by reducing arginine availability in endothelial cells leading to endothelial dysfunction [50, 51] . In humans, hyperuricemia appears to be a significant independent risk factor for endothelial dysfunction [52] .
A role for uric acid in endothelial pathologies associated with P. falciparum infection has also been recently suggested. In Malian children experiencing a malaria episode, increased plasma uric acid levels correlate not only with parasite density and disease severity but also with markers of endothelial damage and dysfunction (soluble ICAM-1 and thrombomodulin) [36•] . Shedding of thrombomodulin that is normally bound to thrombin at the cell surface leads to an excess of active thrombin, which in turn induces platelet activation and aggregation [53] . Since platelet activation increases the binding of infected erythrocytes to endothelial cells, potentiating the cytotoxicity to the endothelium [54] , it is possible that uric acid could contribute to endothelial damage through this mechanism.
Uric acid crystals, such as those found in gout, induce inflammation through the activation of the Nlrp3 inflammasome [55] , but it is unclear whether Plasmodium-derived uric acid precipitates activate the same pathways in cerebral malaria. Several studies in mice suggest that the inflammasome plays a very limited role in the pathology of cerebral malaria. Mice deficient in either of the inflammasome components caspase-1, ASC adaptor, IL-1β, IL-1β receptor, and IL-18 succumbed to cerebral malaria [56, 57] . Yet, mice deficient in Nlrp3 presented a delayed onset of cerebral malaria. Additionally, a 600-fold increase in the expression of Nlrp3 mRNA of infected wt mice brain endothelial cells was found compared to uninfected controls, suggesting that Nlrp3 is involved in the pathogenesis of cerebral malaria in mice independent of the inflammasome, probably through the activation of nonclassical pathways [56] . It is important to note that these results may be influenced by the differences in uric acid metabolism between mice and humans. If uric acid is a major trigger of the inflammatory response during malaria, the mouse model may not accurately reflect the human situation because, unlike humans, mice have active uricase in tissues that will rapidly degrade inflammatory uric acid precipitates [29] .
Conclusions
Uric acid has emerged as a pathological factor in an increasing number of diseases, from classical gout to cardio-vascular diseases, including hypertension, renal failure, and coronary disease [58] . In malaria, the activation of innate immunity is a major factor in the balance between parasite survival and host defense. The use of a 'danger signal' such as uric acid may be a consequence of co-evolution to exploit this warning system to trigger a high inflammatory response that could be crucial to Plasmodium survival, particularly in humans and primates that lack uricase activity. The strong inflammatory response to P. falciparum-derived uric acid suggests a novel molecular target for anti-inflammatory therapies in malaria.
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